van der Giet. A physiogenomic approach to study the regulation of blood pressure. Physiol Genomics 23: 46 -53, 2005. First published June 7, 2005; 10.1152/physiolgenomics.00077.2005.-Several vasoregulatory systems including the renin-angiotensin system, sympathetic vasoregulation, and cytokine release have been studied extensively. The aim of the present study was to establish a physiogenomic screening model for differentially expressed genes in the regulation of blood pressure that might give a hint as to new vasoregulatory mechanisms. We induced acute hypotension in normotensive rats, assuming that vasoregulatory systems will counteract hypotension. Microarray transcriptome analysis was performed from kidneys 6 h after the induction of acute hypotension. The results were confirmed by real-time PCR. Six functionally known genes (Igfbp1, Xdh, Sult1a1, Mawbp, Por, and Gstm1) and two expressed sequence tages (BI277460 and AI411345) were significantly upregulated. Four of these genes (Igfbp1, Xdh, Por, and Gstm1) have well-characterized functions in the cardiovascular system. The proteins corresponding to Xdh, Por, and Gstm1 are involved in the metabolism of reactive oxygen species (ROS). Because ROS can mediate endothelial dysfunction, we measured the aortic dilatory capacity in thoracic aortic rings. Indeed, vasodilator potency to acetylcholine was largely diminished in hypotensive animals, whereas sodium nitroprusside induced equivalent vasodilations in normotensive and hypotensive animals. The vasodilator potency of the endothelium was partially restored by the superoxide scavenger tiron. Hence, acute hypotension induces a diminished vasodilator potency of the endothelium due to an accelerated degradation of nitric oxide by ROS. The present physiogenomic approach is capable of detecting vasoregulatory mechanisms and may provide deeper insight into the genetics and physiology of blood pressure regulation.
geneticsendotheliummicroarrayreactive oxygen species VASCULAR TONE is regulated by a dynamic balance of local chemical, neural, and humoral mechanisms. The systemic regulatory mechanisms synergize with local mechanisms and adjust specific vascular responses in different vascular beds. Because of its central role in volume and vascular resistance regulation (e.g., the renin-angiotensin-aldosterone system), the kidney constitutes a major component in the systemic control of blood pressure (35) . Local control of blood pressure is largely affected by chemical conditions (pH, O 2 tension, and CO 2 tension) and the paracrine properties of the endothelium. The vascular endothelium releases several vasodilator and vasoconstrictor substances including prostaglandins, thromboxanes, nitric oxide (NO), endothelins, complex nucleotides, and reactive oxygen species (ROS) (17, 29, 40) . At present, there is increasing evidence that vascular cytochrome P-450 metabolites of arachidonic acid (20-hydroxyeicosatetraenoic acid and epoxyeicosatrienoic acid) play an important role in the control of vascular tone and in the long-term control of arterial blood pressure (23) . Thus a broad variety of vasoactive factors have been depicted, but the underlying genetic regulatory mechanisms remain elusive.
The aim of the present study was to establish a model that gives an opportunity to identify new blood pressure regulating genes and their effects on vascular endothelial function. A decrease in blood pressure induces the release of counteracting vasoconstrictor agents or the suppression of vasodilator substances. We hypothesized that some of these processes are mediated by differential gene expression and established a rodent model with acute hypotension that allows a microarraybased large-scale screening for compensatorily regulated genes. We identified differentially expressed genes involved in a reduced endothelial bioavailability of NO, and we showed that acute hypotension induces an endothelial response resembling the condition generally referred to as "endothelial dysfunction."
METHODS

Animal experimental procedures.
Ten 12-wk-old male WistarKyoto (WKY) rats (220 -250 g, Charles River Laboratories) were maintained in a room controlled at a temperature of 24 Ϯ 2°C and relative humidity of 40 -70% and given food and water ad libitum. Animals were randomly assigned to two groups. To induce acute hypotension, 3 ml of blood were withdrawn in five animals by ventricular punction, whereas the control rats underwent ventricular punction without bleeding. All procedures were carried out under ether anesthesia as described by Dietz and coworkers (4) . Systolic blood pressure was measured by the tail-cuff method according to Bunag (1) before (Ϫ0.5 h) and after blood withdrawal (0, 3, and 6 h); 6 h after ventricular punction, the kidneys were removed, snap frozen in liquid nitrogen, and stored at Ϫ80°C until use. For arterial relaxation studies, the thoracic aorta was excised carefully, and a 2-mm aortic ring was mounted in a myograph immediately. The remaining aortic tissue was snap frozen in liquid nitrogen and stored at Ϫ80°C until use for real-time PCR. The animal experimental protocol was approved by the Ethics Review Committee for Animal Experimentation (Berlin, Germany). All procedures adhered to principles stated in the Guide for the Care and Use of Laboratory Animals by the German Society of Physiology.
Microarray analysis. Kidney samples were homogenized, and total RNA was obtained using TRIzol reagent (GIBCO-BRL) according to the manufacturer's protocol. RNA was purified on an affinity resin (RNeasy, Qiagen). Double-stranded cDNA was synthesized from 5 g total RNA using the Superscript Choice System (Invitrogen) with an oligo-dT primer containing a T7 promoter sequence (TibMolBiol).
Biotin-labeled cRNA was obtained from the cDNA by in vitro transcription with a T7 RNA polymerase using the BioArray RNA Transcript Labeling Kit (Enzo Diagnostics). cRNA probe samples were purified by column cleanup using an RNeasy minikit (Qiagen). After quantification of the cRNA concentration, cRNA was fragmented and hybridized at 45°C for 16 h to an Affymetrix rat genome 230A array containing 15,923 probe sets (Affymetrix). The arrays were washed, stained, and scanned using a Fluidics Station and microarray scanner, which are components of the Affymetrix GeneChip Instrument System (Affymetrix). The microarray data were prepared according to minimum information about a microarray experiment (MAIME) recommendations, have been submitted to theGene Expression Omnibus (GEO) database, and can be accessed at http://www.ncbi.blm.bih.gov/geo. The GEO accession number for the corresponding platform is GSE2401. Data of the nine arrays can be retrieved with GEO accession numbers GSM45188, GSM45190, GSM45191, and GSM45192 (hypotension) and GSM45184, GSM45186, GSM45187, and GSM45193 (normotension).
Statistical analysis of microarray results. For data analysis, we used the open source software R together with its bioinformatics packages collected in the Bioconductor project (10, 14) . Software R is freely available from http://www.r-project.org, and Bioconductor is freely available from http://www.bioconductor.org.
After individual background correction with package "affy," the set of nine microarrays was normalized on probe level using the variancestabilizing method in the package "vsn" (13) . Within-probe set summarization (15) returned 15,923 expression values/chip. These two steps resulted in expression values on an additive scale that approximates the logarithmic scale. Hence, when "fold changes" are reported, these are exponentials of log ratios. Using the package "twilight," each gene was tested for differential expression between case and control samples by calculating the Z score (6). Statistical significance was assessed in a permutation test where Z scores under all possible combinations of the vector of condition labels were computed. The numbers of 4 case versus 5 control samples lead to 126 possible permutations including the original order. For each gene, all permutation Z scores were computed and summarized in an empirical P value that is the proportion of absolute permutation Z scores being equal or larger than the absolute Z score of the original vector.
The false discovery rate (FDR) was computed using the package "siggenes," which reimplements popular significance analysis of microarrays (SAM) software (39) . The SAM method to estimate the FDR of a set of genes is based on the difference between observed and expected scores. That is, a gene is called differentially expressed if the difference of its observed to the corresponding expected score exceeds a certain threshold.
Real-time PCR. Total RNA was isolated, and cDNA was synthetized from kidney and aorta samples as described above. Real-time PCR assays were carried out using SYBR green PCR Master Mix (Applied Biosystems) on a GeneAmp 5700 Sequence Detection System (Applied Biosystems) according to the manufacturer's protocol. Intron spanning primers (TibMolBiol) were designed using Primer Express software (Applied Biosystems) and are presented in Table 1 . RR was performed with avian myeloblastosis virus (AMV) reverse transcriptase (Promega), random hexamers, (Amersham Pharmacia Biotech), and 1 g total RNA. We analyzed the significance of the normalized⌬⌬CT values with t-tests (where CT is cycle threshold). Because of the small number of samples, we considered genes with P Ͻ 0.1 as confirmed to be differentially expressed. Data normalization was performed using the gene for ␤-actin as a housekeeping gene.
Arterial relaxation studies. The endothelial function of hypotensive and normotensive animals was evaluated in 2-mm rings of thoracic aortae that were mounted in a small vessel myograph. For reasons of comparability, rings of both groups were tested simultaneously in the same chamber. The wall tension of the vasculature was measured using established methodology (26) . After equilibration and submaximal precontraction with phenylephrine (PE; 1 mol/l), relaxation to 1 nmol/l-100 mol/l acetylcholine (ACh) was tested. The maintenance of functional smooth muscle cell integrity after manipulation was confirmed by evaluation of endothelium-independent relaxation to sodium nitroprusside (SNP; 1 mol/l). After being washed, rings were contracted with PE again, and the effects of ACh and SNP were reassessed in the presence of the superoxide scavenger tiron (1 mmol/l). Data are presented as means Ϯ SE. Statistical analysis was performed with the Mann-Whitney test, and dose-response curves were compared using Friedman's test. All P values presented are two tailed. P values Ͻ0.05 were considered to be significant. Similar experiments were performed in isolated perfused kidneys of these rats but turned out to be much less reproducible than those done in aortae. Therefore, in the following, the findings in aortae are described.
RESULTS
To induce a significant counterregulation, we intended a 30% decrease of systolic blood pressure by bleeding. In preliminary experiments, the blood volume required was determined to be 3 ml for 240-to 250-g animals. In the present study, 3 ml blood withdrawal evoked a significant decrease (P Ͻ 0.05) of systolic pressure by 31 Ϯ 5% of maximum systolic blood pressure (n ϭ 5). When the organs were removed (6 h), systolic pressure had recovered to 87 Ϯ 2% of baseline but was still significantly lower (P Ͻ 0.05) than that in the normovolemic group. The blood pressure changes before and after bleeding are presented in Fig. 1 . 
To examine whether acute hypotension induces a counteracting transcriptional regulation process, we carried out a transcriptome analysis in kidneys. Microarray test hybridizations revealed adequate signals for 9 of 10 cRNA samples, which were used for further analysis.
To test for differential gene expression between the hypotensive and control groups, we calculated the Z score. Figure 2 shows a scatterplot where the sorted observed Z scores are plotted against their "expected" Z scores obtained through permutations. Scores exceeding the marked 89% confidence intervals represent 12 highly significantly differentially expressed genes. A closer inspection reveals that the observed scores deviate from the expected ones much more at the upper end. Hence, we observed significantly upregulated genes but no significant downregulation.
Choosing a threshold that corresponds to the 89% confidence bound above yielded an estimated FDR of 0%. Thus we do not expect a single false positive among the set of 12 genes. The resulting estimated FDR for various choices of confidence bounds are summarized in Table 2 . Details about the top 59 genes (confidence interval 25%, FDR 0.0314) are presented in Table 3 , where GenBank accession numbers, Z scores, fold changes, and additional gene information are given.
In the following, we focus on the 12 genes, including 4 expressed sequence tags (ESTs), that exceeded the 89% confidence interval (Table 4 and Fig. 3 ). These upregulated genes were subjected to confirmation analysis. Real-time PCR experiments of the renal samples confirmed the array results in 8 of 12 cases: Igfbp1, Xdh, Sult1a1, Mawbp, Por, and Gstm1 and the ESTs BI277460 and AI411345 (Table 4) .
Because four of the eight genes affect the metabolism of ROS, we carried out an assessment of endothelial function in the rat thoracic aorta. PE (1 mol/l) induced a maximum vasoconstriction of 14.0 Ϯ 1.0 mN in normotensive rats and 14.1 Ϯ 1.1 mN in hypotensive rats (not significant, n ϭ 6 each). The addition of ACh (1 nmol/l-100 mol/l) induced NO-dependent relaxations of the vessels. The vasodilatory effect of ACh was concentration dependent (Fig. 4, A-C) . Maximum ACh-induced vasodilations (100 mol/l) were significantly (P Ͻ 0.05, n ϭ 6) lower in the hypotensive group (5.4 Ϯ 0.8 mN according to 38.3 Ϯ 5.7% of maximal vasoconstriction) than in the normotensive group (12.0 Ϯ 0.4 mN according to 85.7 Ϯ 2.9% of maximal vasoconstriction). The EC 50 (log mol/l) of ACh was 6.3 Ϯ 0.3 in the normotensive group and 5.4 Ϯ 0.1 in the hypotensive group, indicating a significant (P Ͻ 0.05, n ϭ 6) shift to the right of the doseresponse curve (Fig. 4C) . The direct vasodilator agent SNP (1 mol/l) evoked comparable maximal relaxations in the two groups without any significant difference (normotensive rats: 14.1 Ϯ 0.2 mN vs. hypotensive rats: 14.2 Ϯ 0.2 mN, n ϭ 6, data not shown). In the presence of the superoxide scavenger tiron, ACh-induced relaxations (1 mmol/l, P Ͻ 0.05, n ϭ 6) were significantly increased in hypotensive rats, from 5.4 Ϯ 0.8 to 8.9 Ϯ 1.2 mN, but were principally unchanged in the control group (control: 12.0 Ϯ 0.4; control ϩ tiron: 12.0 Ϯ 0.6 Fig. 1 . Blood pressure in hypotensive and control animals after withdrawal of 3 ml blood. Changes in blood pressure are presented before (Ϫ0.5 h) and after bleeding (0, 3, and 6 h). *P Ͻ 0.05, significant difference of blood pressure versus control animals (n ϭ 5). 
Numbers of significant genes and corresponding estimated false discovery rates (FDR) for various choices of confidence intervals for the absolute difference between observed and expected Z scores are shown. The first column contains the percentage that is covered by the confidence interval. mN; Fig. 4D ). Maximal ACh-induced vasodilation was still significantly lower in hypotensive than normotensive animals (P Ͻ 0.05). The EC 50 of ACh-induced vasodilation in hypotensive animals was significantly shifted to the left [hypotensive rat ϩ tiron EC 50 (Ϫlog mol/l): 6.4 Ϯ 0.2 vs. hypotensive rat: 5.4 Ϯ 0.1, P Ͻ 0.05, n ϭ 6] in the presence of tiron but remained essentially unchanged in normotensive rats [normotensive rat ϩ tiron EC 50 (Ϫlog mol/l): 6.5 Ϯ 0.4 vs. normotensive rat: 6.7 Ϯ 0.5, n ϭ 6]. SNP-induced relaxations were not significantly affected by tiron in normotensive and hypotensive rats (normotensive rats: 14.2 Ϯ 0.4 mN vs. hypotensive rats: 14.0 Ϯ 0.3 mN, n ϭ 6, data not shown).
The eight genes that were upregulated in both microarray analysis and real-time PCR in the kidney samples were consecutively tested for differential expression in thoracic aorta samples. Xdh, Mwbp, Gstm1, and Por were upregulated (P Ͻ 0.1), whereas Sult1a1 and AI411345 were downregulated. Igfbp1 and BI277460 showed no significant differential expression (Table 4) .
DISCUSSION
In the present study, we established a rodent model that constitutes a physiogenomic approach to study the regulation of blood pressure. To find new vasoregulatory mechanisms, we induced acute hypotension in normotensive rats, assuming that vasoregulatory systems will counteract hypotension.
We performed microarray analysis of rat kidneys 6 h after the initiation of acute hypotension and identified the following genes to be significantly upregulated. Xdh encodes for xanthine oxidoreductase, a molybdoenzyme capable of catalyzing the oxidation of hypoxanthine and xanthine in the process of purine metabolism. Xanthine oxidoreductase can exist in two interconvertible forms, either as xanthine dehydrogenase (XD) or xanthine oxidase (XO) (24) . The former reduces NAD ϩ , whereas the latter prefers molecular oxygen as a substrate, leading to the production of the potent vasoconstrictors O 2 Ϫ and H 2 O 2 (7). XD and XO are expressed at high levels on the luminal surface of the endothelium (2). XO-derived O 2 Ϫ generation has been repeatedly demonstrated in cardiovascular disease including endothelial dysfunction, in heavy smokers (12) , and in hypercholesterolemia (2, 27) .
Por encodes for NADPH-cytochrome P-450 oxidoreductase, a part of the membrane-bound cytochrome P-450 multienzyme system. At present, there is increasing evidence that cytochrome P-450 metabolites of arachidonic acid play an important role in vasoregulation and renal function by depolarizing vascular smooth muscle cells and modulating renal sodium reabsorption (31) . Furthermore, vascular cytochrome P-450 monooxygenases have been identified as a source of ROS (8, 9). O 2 Ϫ , H 2 O 2 , and hydroxyl radicals can be generated during the cytochrome P-450 reaction cycle, when the electrons needed for reducing the central heme iron are transferred to the activated bound oxygen molecule.
The EST AI411345 is highly similar (99%) to mouse proline oxidase. Proline oxidase is a mitochondrial enzyme catalyzing the conversion of proline to pyrroline-5-carboxylate with the concomitant transfer of electrons to cytochrome c. Proline oxidase can generate proline-dependent ROS (5).
Glutathione S-transferases protect various cell types including vascular smooth muscle cells and endothelial cells against oxidant damage (41) . The Atherosclerosis Risk in Communities study demonstrated that Gtsm1 polymorphisms modify the effect of smoking on endothelial function and atherosclerosis (25) . Thus smokers having the null genotype of GSTM1 are at a higher risk for developing coronary heart disease (36) . ROS induce glutathione S-transferases by antioxidant response elements (16) . Interestingly, Gstm1 is downregulated in strokeprone spontaneously hypertensive rats (SHR), leading to increased oxidative stress (22) . Genes exceeding the 89% confidence interval bound in the microarray analysis are shown. The fold change is hypotensive/normotensive. ND, not done. Mawbp encodes for MAWD binding protein. The recently discovered protein MAWD is structurally characterized by WD-40 repeats and is frequently overexpressed in breast cancer (21) . At present, it has no known function in the cardiovascular system.
Cytosolic sulfotransferases catalyze sulfoconjugation of small lipophilic endobiotics and xenobiotics. At least 44 cytosolic sulfotransferases have been identified from mammals, including sulfotransferase 1 type A 1 (Sult1a1) (11) . None of them is known to play a role in the cardiovascular system.
Insulin-like growth factor (IGF-I) is an essential regulator of developmental growth. Moreover, there is an increasing body of evidence demonstrating that IGF-I exerts multiple vascular effects through endocrine, autocrine, and paracrine mechanisms (3). Because IGF-I induces NO production in endothelial cells, it is a potent mediator of vasodilation (38) and is capable of lowering systemic blood pressure (30) . IGF binding protein 1 (IGFBP1) is a carrier protein that binds to IGF-I with high affinity and therefore is placed in a critical regulatory position between IGF-I and its receptor.
The EST BI277460 is highly similar to phosphoenolpyruvate carboxykinase (PEPCK), which is not reported to have cardiovascular effects. However, strikingly, there are remarkable similarities between IGFBP1 and the PEPCK promoter (19) , including regions conferring insulin, glucocorticoids, and cAMP responses.
In summary, four of six functionally known upregulated genes are known to play a role in the cardiovascular system. Three of the corresponding proteins affect the metabolism of ROS. Xanthine oxidoreductase, vascular cytochrome P-450 monooxygenases, and possibly the protein highly similar to proline oxidase are capable of generating ROS. It may be speculated that glutathione S-transferase is compensatorily overexpressed due to the increased levels of ROS.
Both endothelial and vascular smooth muscle cells produce ROS from a variety of enzymatic sources including NADPH oxidase, XO, and NO synthases (NOSs) (37) . Accumulating evidence suggests that oxidant stress alters many functions of the endothelium, including modulation of vasomotor tone. Inactivation of NO by superoxide and other reactive oxygen compounds leads to a decreased vasodilator potency, which is commonly referred to as endothelial dysfunction (20) . In our experiments, three of six functionally known upregulated genes and eventually one of two upregulated ESTs affect the metabolism of ROS. Therefore, we investigated a possible compensatory alteration of endothelial function by means of arterial relaxation studies with aortic rings. Indeed, vasodilator potency was largely diminished 6 h after the intitiation of acute hypotension. Because only ACh-induced vasodilations were reduced, whereas SNP-induced vasodilations were equivalent, in aortae of normo-and hypotensive animals, the observed effect is due to a decreased bioavailability of NO. Decreased endothelial NO availability may be caused by decreased expression of endothelial NOS (eNOS), a lack of substrate, or cofactors for eNOS, alterations of cellular signaling such that eNOS is not appropriately activated, and, finally, accelerated Fig. 4 . Acetylcholine (ACh)-induced vasodilation in aortae from control and hypotensive rats. A and B: thoracic aortic rings from control (A) and hypotensive (B) rats were precontracted with phenylephrine (PE; 1 mol/l), and direct relaxation responses to ACh in ascending concentrations (1, 1 nmol/l; 2, 10 nmol/l; 3, 100 nmol/l; 4, 1 mol/l; 5, 10 mol/l; and 6, 100 mol/l ACh and 7, 1 mol/l sodium nitroprusside) were measured. Shown are representative tracings from one typical experiment out of six each. C: cumulative findings (means Ϯ SE) for dose-dependent relaxation to ACh in PE-precontracted aortae from control and hypotensive animals (n ϭ 6). D: cumulative findings (means Ϯ SE) for dose-dependent relaxation to ACh in PE-precontracted aortae from control and hypotensive animals in the presence of the radical scavenger tiron (1 mmol/l, n ϭ 6).
NO degradation by ROS. Because the vasodilator potency of the endothelium was partially restored by the superoxide scavenger tiron in our experiments, the reduction of NO bioavailability was a consequence of NO degradation by ROS.
For practical reasons, arterial relaxation studies were performed in aortae. Counteracting vasoregulatory mechanisms vary in different vascular beds. Vasoconstriction is more prominent in smaller resistance arteries than in large elastic vessels like the aorta. Further studies will have to provide a detailed characterization of endothelial counterregulation in hypotension in different vascular beds.
In analogy to renal tissue, real-time PCR results from aortic tissue show that the expression of the two ROS-producing enzymes Xdh and Por is increased in hypotension as well. Because kidney samples consist of a variety of parenchymal structures including interstitial tissue, the tubular system, glomeruli, and vessels, it is not surprising that for some genes (Sult1a1, AI411345, Igfbp1, and BI277460), the direction of changes in expression was not consistent in the kidney and aorta.
Currently, increased inactivation of NO by O 2 Ϫ and other ROS is regarded as a companion of pathological conditions such as hypertension, hypercholesterolemia, diabetes, and cigarette smoking (2) . Our data suggest that ROS-mediated control of endothelial NO availability can contribute to the physiological regulation of vascular tone as well. XO-derived O 2 Ϫ has been reported to contribute to impaired endotheliumdependent vasodilatation and increased blood pressure in SHR (34) . Activation of vascular cytochrome P-450 leads to an increase in the generation of O 2 Ϫ and plays an important role in hypertension (32) . Our data suggest that NADPH-cytochrome P-450 oxidoreductase might play a critical role in the regulation of vascular cytochrome P-450.
The methodology of microarray analysis offers a promising possibility of gaining insight into the genetics of hypertension. In the present study, this technology led to the detection of a ROS-mediated endothelial dysfunction counteracting arterial hypotension. However, expression analysis comparing WKY with SHR failed to identify candidate genes for the control of blood pressure (28) . SHR are derived from hypertensive WKY rats, but the two strains are genetically heterogeneous. It may be speculated that the genetic identity of case and control animals constitutes the crucial advantage of our model. In diabetes research, Kim and coworkers (18) established an experimental design that shows similarities to our approach. They induced acute hypoglycemia in mice to increase the expression of counteracting genes that might mediate a raise of blood glucose (18) . Microarray analysis revealed the gene that is now called resistin (33) .
The present work links a further group of functionally related genes to the genetic basis of blood pressure regulation. Further studies will have to reveal which is the afferent loop that detects hypotension and generates the signaling necessary to achieve the coordinated upregulation of several oxidative genes. Is the sensor located in large vessels, directly detecting changes in wall tension, or is it located in microvessels or tissues, detecting metabolic changes due to hypoperfusion?
In summary, the present large-scale genome screening model is capable of detecting vasoregulatory mechanisms. The study is limited by the fact that only one particular time is analyzed after the initiation of hypotension. Further transcriptome analyses at different times will allow a distinction between acute and long-term phenomena and between regulatory and compensatory counterbalancing mechanisms. This physiogenomic approach may provide deeper insight into the genetics and physiology of blood pressure regulation.
